We report here the concept of a self-powered, target-triggered DNA motor constructed by engineering a DNAzyme to adapt into binding-induced DNA assembly. An affinity ligand was attached to the DNAzyme motor via a DNA spacer, and a second affinity ligand was conjugated to the gold nanoparticle (AuNP) that was also decorated with hundreds of substrate strands serving as high-density, three-dimensional track for the DNAzyme motor. 
INTRODUCTION
Inspired by endogenous protein motors, 1,2 various synthetic DNA motors have been constructed by taking advantage of the specificity and predictability of Watson-Crick base pairing. [3] [4] [5] Fueled by DNA hybridization or hydrolysis, [6] [7] [8] [9] DNA motors can walk autonomously along tracks made from DNA. DNA tracks, typically one-or two-dimensional, contain track strands that guide the movement of DNA motors. Linear DNA tracks often consist of a limited number of anchorages, which constrains DNA motors to only 1-3 walking steps. [10] [11] [12] [13] [14] The use of DNA origami to build two-dimensional tracks improves the number of walking steps, so that walking of 20 to 30 steps is achieved. [15] [16] [17] [18] However, the application of DNA motors to signal amplification and biosensing is limited because of low mobility and difficulty in real-time monitoring of walking process.
To improve the mobility and processivity of DNA motors, nano-and micro-materials, including carbon nanotubes, 19, 20 gold nanoparticles (AuNPs), [21] [22] [23] [24] [25] [26] microparticles, 27 and gold film, 28 have been used to build DNA tracks, accommodating hundreds to thousands of track 3 strands on individual tracks. Therefore, autonomous walking of hundreds of steps was achieved, which enhanced the applicability of DNA motors for signal amplification.
Additionally, the unique optical properties of nanomaterials facilitate real-time monitoring of the movement of DNA motors. 21 On the other hand, DNA tracks on nano-and micro-materials are less defined, which makes the movement of the motors stochastic. [21] [22] [23] Although the use of nano-and micro-materials enables applications of DNA motors to signal amplification and biosensing, most DNA motors are only responsive to nucleic acid targets 22-25, 27, 28 . We first used AuNPs to build three-dimensional DNA tracks of high density and constructed a DNA motor system enabling proteins to trigger the operation of the motor. 21 The DNA motor uses a nicking endonuclease to power the movement of the motor, and 37 o C is required for the operation of the DNA motor. However, the external addition of a protein enzyme to drive the movement of the motor is not often practical in highly desirable point-of-care testing and in situ applications 29 .
We have recently used AuNPs to construct a DNAzyme motor that operates in living cells in response to a specific intracellular microRNA. 23 Herein, we aim to construct self-powered motors that are responsive to protein targets and operate at room temperature without the requirement for protein enzymes. To achieve this, we engineer the DNAzyme to adapt into binding-induced DNA assembly (BINDA) and build a target-triggered DNAzyme motor that autonomously traverses along AuNPs. Inspired by proximity ligation assay [30] [31] [32] [33] , we recently proposed a new concept of DNA assembly termed BINDA which enables protein binding to trigger the assembly of separate DNA components that are otherwise unable to spontaneously assemble [34] [35] [36] . Additionally, the use of DNAzyme allows us to rationally design the binding arms of the DNAzyme motor, enabling the motor to maintain similar walking activity at different temperatures. ACTATrAGGAAGAGA by using a spacer containing 112 thymine bases ( Figure S16 ). This sequence was used to simulate binding-induced intramolecular interaction between the DNAzyme and its substrate. 112 thymine bases of the spacer are attributed to 47 spacing bases in the DNAzyme sequence, 30 spacing bases in the L2 sequence, 15 spacing bases in the substrate sequence, and 20 spacing bases used to represent the size of the target molecule (Table S1 , Figure S2a ). The T m of the hybrid between the DNAzyme and its substrate is increased from 7 °C to 40 °C through target binding because target binding dramatically increases the local effective concentrations of the DNAzyme and its substrate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 dually labeled with a biotin molecule at its 3'-end and a thiol group at the 5'-end and a DNA-RNA chimeric substrate dually labeled with a FAM molecule at its 3'-end and a thiol group at its 5'-end. The molar ratio of these three components in the solution was 1:100:1000.
This solution was incubated at room temperature overnight. Tween 20 (1%) was used to make the final solution contain 0.05% Tween 20, to reduce adsorption and aggregation of the AuNPs. To enhance the oligonucleotide loading amounts, 3 M NaCl was used to make an increment of 0.05 M NaCl two times and thereafter an increment of 0.1 M NaCl six more times. After each increment, the solutions was sonicated for 30 s followed by 20 min incubation at room temperature. After incubation at room temperature for 24 h, a thiol-modified spacing oligonucleotide containing 10 thymine bases was then added to the solution at an oligonucleotide to AuNP ratio of 1000 to 1. The spacing oligonucleotide was used to occupy the free space on the AuNP surface, reducing the interaction between the substrate and AuNP. Because of its relatively low concentration (~0.9 µM), the spacing oligonucleotide does not significantly replace the previously conjugated substrate strands and biotin-labeled oligonucleotides. After incubation at room temperature for another 24 h, the solution was centrifuged at 13, 000 g for 20 min to separate the AuNPs from the unconjugated DNA. The AuNPs were washed four times using 1 mL of 1×PBS buffer (pH After an overnight incubation at room temperature, the solution was then centrifuged at 
RESULTS AND DISCUSSION

Design Principle of Target-Triggered DNAzyme Motor. The target-triggered
DNAzyme motor system is shown schematically in Scheme 1, using a modified DNAzyme of 8-17E as an example ( Figure S1 ). The motor system consists of two main components: (1) a DNAzyme linked to an affinity ligand L1 and (2) The labeling of the substrate with the fluorophore facilitates real-time monitoring of the motor operation because the AuNP is able to efficiently quench the fluorescence of the dye molecules. [37] [38] [39] [40] The determined quenching efficiency is 98.4%, which is comparable to that of DABCYL-quenched beacons. 40 When both arm 1 and arm 2 of the DNAzyme hybridize to the DNA-RNA chimeric substrate, the DNAzyme catalyzes the hydrolysis of the substrate at the ribonucleotide site. To prevent self-hybridization between the DNAzyme and the substrate, we designed arm 1 to have only 5 n. t. and arm 2 to have 7 n. t. (Figure S1b ). The estimated melting temperatures (T m ) of arm 1 and arm 2 hybridizing to the substrate are <0 °C and 7 °C, much lower than the operating temperature of the motor (room temperature).
In the absence of a target, the DNAzyme and AuNP track do not assemble ( Figure S2a) . Thus, the DNAzyme is inactive and the motor is not operational. Upon addition of the target molecule (e.g., a protein), the two ligands L1 and L2 bind to the same target molecule, anchoring the DNAzyme onto an AuNP track and activating the motor operation ( Figure S2b ).
This places the DNAzyme in close proximity to the substrates on the AuNP, dramatically increasing the local concentrations of DNAzyme and substrate. As a consequence, the hybridization between the substrate and the two short arms of the DNAzyme is significantly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 Each moving step of the DNAzyme releases one F1 from the AuNP track, restoring the fluorescence of FAM in F1. Therefore, the stepwise movement of the DNAzyme along the track can be monitored in real time. By measuring the fluorescence increase, we are able to readily evaluate the performance of the motor in terms of cleavage rate and moving steps.
Binding of the target molecule by two ligand molecules is a requisite for activation of the motor. In principle, by altering the ligand molecules, the motor can be designed to specifically respond to any molecules that are capable of binding to two ligand molecules.
Therefore, the motors can be used for amplified detection of proteins under room temperature and without the need for separation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 the operation of the DNAzyme motor. Similar results were obtained ( Figure S3 ).
Target-Triggered
DNAzymes usually require specific metal cofactors to realize their catalytic activity.
41-44
The DNAzyme we used is a truncated form of the 8-17E DNAzyme. 40 We shortened arm 1 and arm 2 from 9 n.t. to 5 and 7 n.t., respectively ( Figure S1b) . We examined the target-activated DNAzyme motor in the presence of different divalent metal ions ( Figure S4 ). . We also studied the effect of Mg 2+ concentration on the DNAzyme activity, and found that the target-activated DNAzyme is most active in 10 mM Mg 2+ ( Figure S5 ). (Figure 1c ).
We tested five versions of DNAzyme used to build the motors. These DNAzymes vary by different lengths of arm 1 and arm 2 (Table S1 ). Optimization of their lengths is important because the shorter arm 2 reduces the background due to target-independent activity, yet a minimum length is needed for a fast kinetics of the DNAzyme. We first tested the background generated from the motors built with the five DNAzymes (Figure 1d ), and found that using DNAzymes 3, 4, and 5 resulted in low backgrounds. We then evaluated the response of these DNAzyme motors to a specific target (250 pM streptavidin). The strongest fluorescence response ( Figure S6 ) and the highest moving speed (Table 1) were obtained from the motors built with DNAzymes 2 and 3. Therefore, we chose DNAzyme 3 as the optimum for constructing the motor. The underlying reasons for the observed differences among the five DNAzymes are discussed in detail ( Figure S6 ). (Figure 1e ). The ability of the DNAzyme motor to maintain a similar operation activity under different temperatures is mainly attributed to the use of the DNAzyme and BINDA to construct the motor. Unlike protein enzymes whose activity usually demands an optimal temperature, the DNAzyme relies on the formation of a stable DNAzyme-substrate complex and the release of DNAzyme from the cleaved substrates. 45 As described above, to construct the motor, we 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 different AuNP tracks.
We determined the maximum steps that the motor can move along the AuNP tracks in response to a single binding event. To achieve the maximum number of moving steps, we must ensure that only a single streptavidin molecule is brought to each AuNP track. We therefore used excess amount of AuNP track (230 pM) over that of streptavidin (200 pM).
To examine whether one streptavidin molecule could be bound to two AuNPs, resulting in undesirable AuNP aggregation, we characterized the solutions using UV-Vis spectroscopy, and we did not observe AuNP aggregation ( Figure S8 ). We also optimized the concentrations of AuNP track and biotin-labeled motor to obviate decrease in sensitivity due to occupying of four binding sites of an individual streptavidin molecule by four biotins from the AuNP track or four biotins from the biotin-labeled DNAzyme ( Figure S9 ).
We monitored the motor operation in real time for 10 hours (Figure 2a and Figure S10 ).
Fluorescence increases linearly with time for the first 7 hours, suggesting that the DNAzyme moves on the AuNP tracks at a constant rate during this period. We calculated the moving steps of the motor responding to a single binding event (Figure 2a) . The motor moves ~150 steps within 7 hours in response to a single binding event. Because we have determined that ~230 substrates are present on a single AuNP and because each moving step corresponds to the cleavage of one substrate molecule, the DNAyzme cleaves ~65% of the total substrates on the AuNP at a constant rate. As the substrate molecules are cleaved off from the AuNP, fewer substrate molecules on the AuNP are available to hybridize with the DNAzyme, and subsequently, the rate of operation slows. After 10 hours, the motor has moved 178 steps, resulting in the cleavage of ~77% of the total substrates on the AuNP. This high cleavage efficiency implies that the 46-thymine spacer S1 provides a sufficient spatial distance for the DNAzyme to access the majority of the substrates on the AuNP tracks ( Figure S2b ).
We examined the response of the motor to varying concentrations of streptavidin. We 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S13 ). The motor was able to generate a fluorescence increase distinguishable from the background in response to 5 pM thrombin. This limit of detection (5 pM) is lower than those of most homogeneous assays for detection of thrombin (Table S3) . We tested the specificity of the motor by determining its response to four other proteins [human serum albumin (HSA), prostate specific antigen (PSA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and transferrin]. These four proteins at 50 nM concentrations did not yield fluorescence distinguishable from the background, whereas the target protein at concentration 100 times lower (0.5 nM thrombin) resulted in a large fluorescence increase (Figure 3c ). We further examined the response of the motor to varying concentrations of thrombin present in diluted human serum. 5% serum did not cause significant interference, which demonstrates the specificity of the motor ( Figure S14 ). When the operation of the motor was tested in 50% serum, no fluorescence increase was observed, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   16 suggesting that high percent serum can inhibit activity of the DNAzyme motor ( Figure S15 ).
The high specificity of the motor originates from its intrinsic feature: the simultaneous binding of two ligand molecules to the same target molecule is required to activate the motor. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   17 on or off by simply adding or depleting the DNAzyme cofactor Mg
2+
. The new strategy to integrate diverse molecular binding into synthetic DNA motors is significant for broadening the applications of DNA motors to molecular sensing, cell imaging, molecular interaction monitoring, and controlled delivery and release of therapeutics. Table S1 , S2, S3 and Figures S1, S2 , S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16. This material is available free of charge via the Internet at http://pubs.acs.org.
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